Positron-annihilation spectroscopy (PAS) was used in the lifetime mode to study changes in the grain-boundary defect equilibrium associated with de-bias-induced degradation of a ZnO varistor. The PAS lifetime spectra were collected while the sample was under an applied bias ranging from 100 V ( -400 V /em) to 500 V ( ~ 2000 V /em). The current through the sample was continuously monitored. The simple trapping model was used to interpret the lifetime PAS results and to obtain an estimate for the positron-capture rate. The experimental results show that an· increase in the bias voltage results in a decrease in the positron-trap density and an increase in the positron lifetime associated with the dominant positron trap. These results are explained on the basis of a decrease in the concentration of negatively charged zinc vacancies at the grain boundary. The PAS results support the ion-migration model for degradation, which suggests that the bias-induced migration of positively charged zinc interstitials to the grain boundary reduces the concentration of negatively charged zinc vacancies at the boundary. This results in a reduction in the barrier height (degradation) and is consistent with the PAS data.
I. INTRODUCTION

ZnO varistors
1 -4 exhibit a decrease in barrier height and a corresponding increase in leakage current when subjected to a constant applied voltage. This. degradation has been widely studied, 5 -11 and several mechanisms, including electron trapping, 8 dipole orientation, 7 ion migration, 5 • 6 and oxygen desorption, 9 have been proposed to explain this phenomenon. Among these, the ion-migration model has found the most experimental. support. According to this model, the predominant migrating ions are zinc interstitials formed and "frozen in" the depletion layer during cooling from the fabrication temperature. This model assumes positively charged zinc interstitials in the depletion layer and negatively charged zinc vacancies at the grain boundary. 2 The degradation phenomenon is associated with the diffusion of positively charged zinc interstitial ions from the depletion region into the grain boundary (GB).
In this work we have used lifetime positron-annihilation spectroscopy to investigate the influence of time and applied bias on the concentration of point defects, specifically negatively charged zinc vacancies at the grain boundaries, in ZnO varistors. The experimental results are explained using defect-equilibrium concepts and tend to support the ion-migration model of degradation.
II. THEORY
A. Lifetime positron-annihilation spectroscopy
Positron-annihilation spectroscopy has been used recently to characterize the atomic level defect structure in Zn0. 12 • 13 Since several excellent reviews of the physics of PAS can be found in the literature, 1 
4-
16 only a brief summary of the lifetime technique will be presented here.
In a typical experiment a positron is injected into a test material and drifts through the crystal lattice until it eventually annihilates with an electron. The time delay between the injection of the positron and annihilation event, known as the positron lifetime, is related to the electron density at the annihilation site. Since different crystalline defects have different electron densities and, therefore, different positron lifetimes, this technique can be used to determine the types of defects present.
Lifetime PAS results are interpreted by fitting the raw data using an equation of the form (1) where Ii and ri are known, respectively, as the measured intensities and lifetimes. The exact relationships between the measured parameters and the actual defect lifetimes and concentrations depend on the trapping model used to interpret the data. In general, however, the lifetime values indicate the type of defect present, while the intensities reflect the relative concentration of the defects.
Not all defects are capable of trapping positrons. The reason for this is the mutual repulsion of positrons and positively charged atomic nuclei. Since an open volume defect (for example, a vacancy, void, dislocation, or grain boundary) has a lower local density of ion cores than the surrounding lattice, it is an attractive site for the positron. In contrast, interstitial atoms generally repel positrons. One must also consider that if all other factors are equal, negatively charged defects will be more potent positron traps than their positively charged counterparts.
The relevant point defects in ZnO are neutral or positively charged zinc interstitials (Znf, Znj, or Znj"), neutral or negatively charged zinc vacancies ( Fzm Vzm or Vz 0 ), oxygen interstitials (Of, 0/, or 0{'), and oxygen vacancies ( Po, V 0 , or V 0 ). Based on the arguments above, the interstitial defects are unlikely to be dominant positron traps. Thus, the most likely positron traps are the zinc and oxygen vacancies.
Following Schwarz, 11 we suggest that the oxygen vacancies are less effective positron traps. This is because oxygen vacancies are neutral or positively charged, and in addition, they tend to be surrounded by positively charged Zn interstitial ions, which effectively screen them from the positrons. Therefore, we conclude that the most likely positron traps, in order of increasing trapping efficiency, are
Fzm Vzn, and V!tn.
B. Varistor degradation: The defect model
When a ZnO varistor is subjected to a constant-voltage stress (ac or de) over a period of time, it exhibits an increase in the resistive current. 6 This increase in current with time is accompanied by a reduction in the turn-on voltage of the device. The degradation process is accelerated when either the operating voltage or temperature is increased. As noted before, various models have been proposed to explain this process. In this section, we briefly describe the features of the ion-migration model. 6 This model explains degradation as caused by the formation and migration of zinc interstitials to the GB region.
The basic concept of this GB defect model is that the depletion layer consists of two components: A stable component consisting of spatially fixed positively charged ions (possibly including the trivalent substitutional ions and the native oxygen vacancies V 0 and/or Vci) and a metastable component consisting of mobile Znj and Zni ·. These positively charged ions extend from both sides of the grain boundary into the adjacent grains and are compensated by a layer of negatively charged ions ( Vzn and/or Vzn) at the GB interface. The key features of this model 2 are illustrated in Fig. 1 .
Ill. EXPERIMENTAL PROCEDURE
The varistor material used in this investigation is of the same standard commercial composition as that used in a previous study. 12 The varistor was pressed in the shape of a square sheet and sintered at 1200• C in air, resulting in an average grain size of 10 J.Lm. The samples were then laser cut to their final dimensions of ~5 mm X ~5 mm X ~0.2 mm. The same pair of samples was used for all the experiments reported in this work.
The positron source for all lifetime PAS experiments was 22 Na with an activity of ~50 J.LCi. The source was prepared by evaporation from an aqueous solution of NaCl onto a thin sheet of Mylar. The source was sandwiched between two nominally identical pieces of ZnO. The lifetime PAS system consists of the following components all manufactured by EG&G Ortec: Two model 556 high-voltage power supplies, two model 265-S photomultiplier tube bases, two model 905-11-S fast plastic-scintillator detectors, two model 583 constant fraction differential discriminators, a model DB463 delay box, a model 566 time-toamplitude converter, a model 918A multichannel buffer, and a dedicated IBM PC for data acquisition and control. The experimental arrangement was such that PAS life" time spectrum was obtained simultaneously with the current readings while the samples were under bias. At least two sequential PAS measurements were performed at each bias level. This unique experimental setup enables us to correlate directly the electrical degradation (current increase with time) with grain-boundary defect equilibrium as seen by PAS.
The electrical contacts on the ZnO were formed by vacuum evaporation of silver followed by microsoldering thin low-resistance In wires to the Ag contacts. The de-bias voltage was varied from 100 V ( ·~ 400 V /em) to 500 V ( ~ 2000 V /em) using a regulated power supply. Current was measured using a Tektronix model 547 oscilloscope.
The lifetime spectra were analyzed using the PFPOS-FIT programY Each spectrum contained ~ 5 X 10 5 counts and required ~30 min to collect. No source correction was used, and the time zero and background were treated as free parameters. Each lifetime spectrum was computer modeled twice: Once without constraint on any of the lifetimes or intensities and a second time with only r 1 fixed. All the lifetime spectra displayed a long-lifetime component of ~2 ns with very low intensity ( < 2%).
Ramanachalam eta!. This third component was attributed to annihilations in the source and/or in the region between the source and samples. Based on this assumption, we have elected to neglect the third lifetime component in our analysis of the ZnO defect structure. All of the PAS results were interpreted using the simple trapping model (STM). 18 • 19 In this model it is assumed that there is only a single dominant defect (positron trap) in the material. The important quantities in the model are the lifetime in the bulk ( rb), the lifetime in the defect ( ra), and the rate (K) at which the positrons are trapped from the bulk into the defect. It is further assumed that
where Cis the defect concentration, u is the defect-capture cross section, vth is the positron drift velocity, and J.L is the product of the cross section and the drift velocity.
The solution of the differential equations resulting from the STM assumptions yields relationships between the experimental quantities r 1 , r 2 , 1 1 , and 1 2 [see Eq. Another quantity of interest is the mean lifetime ( r m) defined as (6) The mean lifetime is independent of the details of the fitting procedure and, therefore, serves as a relatively unbiased measure of the defect concentration. In general, r m increases with an increase in defect concentration. :----.-......,.--.---.--..,--.,.-----.--,. .
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IV. RESULTS
The results of the bias lifetime PAS experiments and the associated current measurements are presented in this section. Figure 2 shows the current-voltage (I-V) characteristics for the varistor. Figure 3 shows the variation of current with time for each bias level. All reported PAS parameters represent average values for the multiple PAS runs performed for each bias condition after the current reached steady state. Table I shows the raw lifetime PAS data and the corresponding quantities calculated from Eqs. Figure 4 shows the changes in the three positron lifetimes ( Tt>r 6 , and r 2 = ra with the applied bias. The defect lifetime increases with the applied bias, while the characteristic bulk lifetime remains constant (within statistical error). Figure 5 shows the bulk intensity (1 1 ) increasing and the defect intensity (1 2 ) decreasing with applied bias. Figure 6 shows that the trapping rate from the bulk (f..LC) decreases with the applied bias. Figure 2 show a typical I-V curve for a ZnO varistor. The initial and steady-state currents for each bias voltage are shown. All of the bias voltages used in this investigation were below the breakdown voltage of the varistor. Several important conclusions can be drawn from the data in Figs. 2 and 3 . The time required for the current to reach its saturation value is a function of the applied bias. At a bias of 100 V, the current is low ( -O.lf..LA) and constant. As the applied bias increases, so does the magnitude of the currenC and the rate at which the saturation current is approached. At the higher-bias levels, the transient response was not observed. The increase in current with bias suggest that the bias decreases the grain-boundary barrier height. 2 • 20 The increase in the rate at which the saturation current is approached has previously been interpreted to mean that the bias is providing an electrical driving force for the diffusion of some ionic species to the grain boundary.2, 20 Since the experiments were performed at room temperature and since thermal diffusion is minimal at this temperature, the lack of a current response at low biases is consistent with this interpretation. The implication of these results with respect to the degradation model is discussed below.
V. DISCUSSION
A. Analysis of the current measurements
Recalling that the time required for the lifetime PAS measurement is -30 min and that at least two sequential PAS measurements were performed at each bias level, we note that in most cases PAS was sensing the quasiequilibrium defect state established after the passage of the transient-current response. That is, most of the PAS measurements were performed after the device reached the saturation-current level. The possible exceptions are the first PAS measurement at the 250-and 300-V bias levels.
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B. Analysis of the PAS data
As mentioned above, each lifetime spectrum was computer modeled twice: Once without constraint on any of the lifetimes or intensities and a second time with only r 1 fixed. The advantage of the completely unconstrained fit is that it yields the most unbiased analysis of the data. The disadvantages are increases in the variance of the fit and in the uncertainties (see Table I ). Even under these conditions, however, the variance values are reasonably close to the ideal value of 1.067. 21 In order to improve the variance and reduce the uncertainties in the fitted parameters, a series of fitting attempts were made in which the r 1 values were fixed near the value returned from the unconstrained fit. The fit with the lowest variance from this set of experiments is the one reported as the constrained fit in Table I Unlike the case of most metals or single-crystal covalent semiconductors, we believe that the r 1 values in electronic ceramics may differ significantly from the true bulk values because of the comparatively high background defect density in these ionic materials. As justification for this statement, we note the significant increase in the r 1 value from -158 ps in the unbiased sample to -206 ps in the sample biased at 500 V. In contrast, the rb value calculated from Eq. ( 4) remains essentially constant at a value of 214 ± 15 ps. The consistency of the calculated bulk lifetime serves to justify the use of the STM for the analysis of the data.
It is interesting to note the similarity of our bulk value with the r 1 values obtained by the other workers referenced above. Since, within the framework of the STM, the magnitude of the difference between r 1 and rb increases as the defect concentration increases, this observation may suggest that our samples have a higher background defect density.
In the theory section we argued on theoretical grounds that the dominant positron trap in ZnO might well be the vacant zinc sites. This argument is supported by the magnitude of the difference between the bulk lifetime ( -214 ps) and the defect lifetime (310-450 ps). Previous investigators have observed similar differences in the bulk and vacancy lifetimes in other materials. 2 2- 29 The assignment of our relatively long defect lifetime to vacancies or vacancy complexes is supported by the theoretical work of Pushka and Niemann 30 and is consistent with Fernandez et alY who obtained a r d value of -430 ps in Bi-doped ZnO and attributed it to positron trapping at pores.
It is tempting to conclude that the continuous increase in r d with bias should be interpreted as clustering of vacancies to form higher~order vacancy complexes. This suggestion is especially appealing in view of the concomitant decrease in the defect concentration as evidenced by both the experimental quantity / 2 and the calculated quantity f.LC. We believe, however, that this scenario is inappropriate since there is neither any previous experimental evidence to suggest nor any theoretical models that predict that the average size of _a vacancy cluster should increase smoothly with the applied bias.
As an alternative explanation for the increase in rd with bias, we propose that the defect lifetime is in fact an average lifetime .of at least two, but probably more, defects with similar lifetimes. We believe that the lifetimes must be similar since the fitting algorithm was unable to distinguish an additional independent lifetime component. Under this assumption, ra can change with bias as a result of biasinduced changes in the relative concentratibn of the multiple defects. That is, r d represents a weighted average of several similar lifetimes, and it is the weighting factors which are altered by the applied bias. Some of the defects which could be contributing to this "average" lifetime include Pzn, Vzn, Vz 0 , and vacancy complexes such as Zni'2Vzn· The reason for the inclusion of this particular defect complex is explained below.
In support of the scenario described above, we note two previous observations. First, deep-level transient spectroscopy measurements done on annealed ZnO devices showed broad peaks, indicative of a continuum of defect states in our ZriO varistors. 10 Second, previous studies by other researchers support the concept of defect-complex formation in ionic crystals.
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The defect-intensity data, together with the associated f.LC data, indicate that the defect-trapping rate is continuously decreasing with increasing bias. A unique interpretation of this result is difficult, if not impossible for several reasons. First, the decrease in f.LC with bias could result from either a decrease in the defect concentration or a decrease in the capture cross section (or both). Second, if the "defect" is actually an ensemble of defects, then the complexity of the situation is increased since the f.LC product really represents some sort of weighted average of the f.LC values of the individual defects. Despite the inconclusive nature of the data, we believe that it is unlikely that the observed decrease in f.LC with bias is related solely to a reduction in the average ·capture cross section of the defects. We feel it is likely tliaithis data indicates a reduction in the concentration of the positron traps with an increase in bias. If our additional assumption that the dominant positron traps are zinc vacancies (and related complexes) is valid, then the degradation process appears to involve a decrease in local vacancy concentration.
c. Correlation of PAS data with the degradation model
The current measurements reveal that the ZnO varistor is degraded under an applied bias. In particular, they show that an increase in applied bias results in an increase in the amount of current flowing through the device and in the rate at which the saturation current is approached. The PAS results suggest that the positron-trap concentration decreases and the corresponding defect lifetime increases with an increase in applied bias. Since it has been argued that the most likely positron traps are the negatively charged zinc vacancies (and their associated defect complexes), we believe that these defects play an important role in the degradation process.
The GB barrier height is directly proportional to the GB interface charge. In the defect model, the negative charge at the GB interface arises from the presence of V:ln and Vzn· Hence, a decrease in the concentration of zinc vacancies reduces the GB barrier height and results in degradation of the electrical properties of the varistor. In the ion-migration model, the decrease in the zinc-vacancy concentration with applied bias results from Znj migration to the grain boundary. 20 These ions are capable of migrating under both thermal and electrical driving forces. The migrating Zni can then reduce the zinc-vacancy concentration through one of several reactions, including Znf + V~n => ZnZn, zn; + Vzn => Znzn• (7) (8) (9) We believe that the decrease in the positron-trap concentration during degradation is consistent with, and therefore indirectly suppqrts, the ion-migration degradation mechanism.
Next, the issue of increase in r d with increases in the applied bias must be addressed in view of the ion-migration degradation model. As mentioned above, we believe that the application of a voltage stress may alter the relative fraction of the various types of zinc vacancies (and associated complexes) and therefore change the measured value of r d· For example, since the ionization energies for V:ln is lower than that for Vz 00 33 an increase in the electrical driving force (bias) provides for the additional ionization energy to convert V:ln to Vfin, thereby increasing the relative concentration of Vzn· Perhaps more importantly, the ion-migration model offers the possibility for the formation of higher-order zinc-vacancy complexes through reactions such as Thus, we believe that the increase in the defect lifetime is also consistent with the ion-migration model of degradation for ZnO varistors.
VI. CONCLUSIONS
A unique set of PAS and electrical current measurements has been used for the first time to study grainboundary defect changes during electrically induced. degradation of a commercial ZnO varistor. The STM was used to obtain three important positron parameters: The bulk lifetime, the defect lifetime, and the defect concentration (as represented by the J.LC product). It has been argued that the dominant positron traps in this material are the negatively charged zinc vacancies and their associated defect complexes.
As expected, the bulk lifetime (210 ± 15 ps) remains essentially constant with the voltage stress. The decrease in trapping rate with applied bias, as given by the lifetime PAS parameters / 2 and J.LC, has been interpreted as a reduction in the negatively charged zinc vacancy concentration at the grain boundaries. This reduction in negative charge at the boundary lowers the barrier height and permits an increase in the current flow through the device. The increase in the PAS defect lifetime with applied bias has been related to a change in the relative concentration of the negatively charged positron traps at the boundary and with the formation of higher-order zinc-vacancy complexes.
Our results demonstrate that lifetime PAS can be used to track the degradation process and that both the current measurements and PAS data are consistent with the ionmigration model of degradation.
